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Resumo
Todos os anos, milhões de meteoróides entram na nossa atmosfera. O termo
meteoróides é apenas uma designação baseada no tamanho (mais pequeno que
um asteoróide). Aqui refere-se a partículas provenientes de cometas aquando a
sua travessia pelo sistema solar. Quando algumas destas partículas entram na
atmosfera da Terra, interagem com esta, formando uma "bola de fogo"por
ignição. A este efeito refere-se como um meteoro ou uma estrela cadente, o que é
observável no céu. Alguns destes meteoros, os que sobrevivem à passagem pela
atmosfera terrestre, atingem a crosta da Terra. A estes chamamos de meteoritos e
a sua composição é diferente de qualquer outro material existente à superfície da
Terra. Os meteoritos podem ser encontrados nos mais variados tamanhos e
massas, e geralmente sob a forma de meteoritos metálicos, metálico-rochosos ou
rochosos. O estudo destes é importante para o conhecimento do Universo e das
condições particulares em que se formaram. Esta tese propõe o estudo de um
meteorito metálico usando diferentes técnicas: metalografia, diffracção de
raios-X, fluorescência de raios-X, microscopia electrónica de varrimento,
espectroscopia de Mössbauer e activação de neutrões. A interpretação dos
resultados obtidos levou à classificação do meteorito como uma IIAB ou IIG
hexadrite.

Abstract
Every year, millions of meteoroids enter our atmosphere. The term meteoroids is
a mere size assessment ("smaller than an asteroid"). Here we refer to particles of
debris released by comets when they travel in the Solar System. When some of
them enter the Earth’s atmosphere, they interact with it igniting and forming a
fireball. This is referred as a meteor or a falling star which we can observe in the
sky. Some of these meteors, those who can resist the passage, impact on the
Earth’s crust. These we call meteorites and their composition is like no other on
Earth’s surface. They can be found in a variety of sizes and masses, and in
general in iron, stony-iron or stony forms. Their study is then important to gain
a better knowledge of our universe and the unique conditions in which their
formation occurred. This thesis proposes the study of an iron meteorite using
several techniques: Metalography, X-ray diffraction, X-ray fluorescence,
Scanning electron microscopy, Mössbauer spectroscopy and Neutron activation
analysis. The interpretation of the obtained results leads to the classification of
the meteorite as an IIAB or IIG hexahedrite.
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Chapter 1
Introduction
A general definition of a meteorite is that it is a natural object that originated
from space and can be found on the surface of a celestial body. A meteorite
found on Earth has to survive the passage of the atmosphere and the impact on
the surface. In this passage these objects are referred as meteors. This is a fairly
known, common and observable phenomenon also known as falling stars. In
some nights this phenomenon can be observed thanks to the interaction between
the meteor and the atmosphere. During the passage frictional forces and
chemical interaction cause the meteor to heat up and radiate energy. This
process ignites the meteor and the observable trace in the sky is the "flaming"
debris of the celestial object. When this occurs for various pieces of debris at the
same time, we observe what is commonly known as a "meteor shower". This
trail of ignited debris can also be very bright due to the bigger size of the
meteors (centimeters to tens of meters). When this occurs they are refered as
"fireballs", which can originate in small asteroids.
Outside the atmosphere these fragments are called meteoroids which are
very common debris in outer space. They travel at various speeds and can
originate from various sources. Most of them are fragments of asteroids or
comets, originated from collisions or in the flyby to the sun. Some of them are
debris ejected from celestial bodies due to impact.
Many meteoroids enter the earth atmosphere every year. But only a small
fraction survive the passage. Those which survive, meteorites, can then be
collected and studied. When the passage of the meteor through the atmosphere
is observed and then collected it is referred as a "meteorite fall", if it is found it is
called a "meteorite find". Meteorites samples are found with a range of masses
from fractions of a gram to hundreds of kilograms. The meteorites are the most
ancient and primitive pieces of rock found in the solar system whose
composition and formation conditions are like nothing else found on our planet
surface. There is strong evidence suggesting that irons have a similar
composition (and origin) to our inner core. Scientists have always been
intrigued by the study of the universe and meteorites can provide us with some
of the answers.
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1.1 Objectives and Motivation
In this work we propose ourselves to the extensive study of an iron meteorite
sample in its composition and structure. We will be focusing on the techniques
which provide information about the phase structure of the sample. The
classification will be based on the works of J.I. Goldstein et al [1]. The main
objective of the study is the classification of this sample and its characterization.
Mössbauer spectroscopy and X-ray diffraction were the main techniques to
identify the different phases in the sample. Optical and scanning electron
microscopy were used as means to obtain images of the different elements in the
sample as well as their sizes. This was an important step in the first classification
of the sample. Microprobe analysis was also used to identify some of the
elements as well as their amounts. Some elemental maps were also obtained,
which showed the difference in the quantities of some elements in the samples.
Nuclear activation analysis was used to identify the quantities of the trace
elements in the sample, which is important to a further classification of the iron
meteorites.
As motivation, this study is expected to contribute to a better understanding
of this type of meteorites and to serve as a basis of comparison of the different
techniques used, along with their possibilities and limitations.
As the studied meteorite sample was from an unknown location its
characterization could also provide us with some clues for the place where it fell.
Meteorites are also used as a cheap and effective way of observing the
aerodynamics in the entry on Earth through the atmosphere [2].
As we advance in the classification of this type of meteorites more
information about the origin of the Solar System is uncovered, as some
specimens may contain particles produced by stars before the formation of our
Solar System. The study of the composition of meteorites could give us some
insight on the age, composition and evolution of the Solar system. This could be
also an important information for our planet genesis.
Meteorites are hard to replicate on our planet but not impossible. An
example is shown in [3]. The slow cooling over long periods of time gives us a
particular view of the alloys in which they were formed. As metallic meteorites
are composed mainly of iron and nickel they are also an easy way to study the
behaviour of these alloys in the extreme conditions of space. Meteoritic metal
contains a characteristic structure which cannot be completely duplicated in the
laboratory due to the slow diffusion process at low temperatures. Therefore
meteorites are useful as indicators of the low temperature phase transformation
which occurs in the alloys [4].
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Nickel-iron alloys have been developed over recent years to meet a demand
for materials used in specific high-technology applications. Strength, corrosion
resistance and conductivity are important properties of these alloys but it is their
thermal expansion and magnetic permeability characteristics that are often the
vital attribute that designers seek. High-tech industries such as automotive,
medical, power generation, aerospace, electronic and petro-chemical have
benefited from the development of this range [5].
On a semi science fiction note, the possibily of mining asteroids and comets
is an already studied subject. Chondrites, after processing, can contain 20%
water, 6% organic matter, carbonate and sulfate materials which would be
valuable assets for life outside earth. Also, a quarter of the mass for near-earth
asteroids is water which could fuel spacecrafts. Iron asteroids are composed
mainly of metal which, upon mining, could be a valuable endevour. “There are
twenty-trillion-dollar checks up there, waiting to be cashed!”, quote by Peter
Diamandis at the 2006 International Space Development Conference, based on
the mining of the metallic asteroid 3554 Amun at current market prices [6]. The
study of this kind of meteorites can also be important to come up with different
techniques for their mining.
1.2 Thesis outline
This thesis consists of five chapters.
In chapter 1 a brief introduction to the concepts discussed in the thesis is
presented. The objectives and motivation are also explained.
Chapter 2 consists of the explanation of the basic concepts related to
meteorites. Some notions about the different types of meteorites focusing, of
course, on the type related to this study. A classification system for the
meteorites is presented being this an important step in discovering its origin.
The concepts related with iron meteorites are also explained such as iron-nickel
alloys phases and cooling processes.
The explanation of the characterization techniques used in this thesis is done
in chapter 3. An introduction to each technique used along with some
experimental procedure is given.
In chapter 4 the results and a discussion of the results obtained is presented.
Some experimental procedure will also be explained.
Conclusions of this study, along with future work suggestions are given in
chapter 5.
5
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Chapter 2
Basic Concepts
2.1 Meteorites: classification and origin
Tens of millions of meteorites, solid bodies from outer space, enter the earth’s
atmosphere each year [7]. They range in mass from fractions of a gram to
hundreds of kilograms. The smallest are incinerated immediately, emitting little
if any visible light.
Meteorites are meteoroids (name given before their impact) originated in
outer space as a solid piece of debris from sources as asteroids or comets, which
survive the passage through the atmosphere and fall into the earth. A distinction
between meteorite falls and finds is made [8]. A fall is a meteorite which
observers actually witnessed and the fragments of which were recovered very
soon after the event. A find is a meteorite whose fall was not seen, but which
was later recognized as a meteorite, because of its chemical composition, its
mineral constituents or its structure.
To arrive on Earth, a meteorite must be excavated and removed from the
gravitational field of its parent body by an impact. This impact can generate
short-lived but intense shocks, which provide the impulse necessary for the
meteoroid to exceed the parent body’s escape velocity. In general, the higher the
shock pressure acting upon matter, the higher its ejection velocity and
temperature.
Meteorites are divided into three large categories regarding their general
structure and composition. Stony meteorites are rocks mainly composed of
silicates. Stony-iron meteorites contain large amounts of metallic and stony
materials. Iron meteorites are composed mainly of iron-nickel alloys [8].
The most common type of meteorite is the stony meteorite. This type of
meteorite is divided into chondrites and achondrites according to the presence
of chondrules. Chondrules are small round particles composed mainly of silicate
minerals. The stony-iron meteorites are an intermediate group between the iron
and stony meteorites and are divided in pallasites and mesosiderates. These two
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types are grouped in the same category not because of their similarities but
because of the differences with any other type of meteorite. Pallasites consist of
a nickel-iron matrix with olivine supensions. They are believed to have been
formed within differentiated asteroids (asteroids that have evolved by thermal
processes and have separated into a core and mantle) [9]. They are very rare
since only approximately 45 specimens have been identified. Mesosiderites
consist also of a nickel-iron content along with stony elements (silicates) [10].
They are believed to have originated by large asteroidal collisions, and due to
these collisions, melted into these types of meteorites. As for the latter, they are
very rare since only about 208 specimens were identified.
The last group and our group of interest is the iron meteorites. In this
category micrometeorites (meteorites smaller than 2mm) are not included [11].
From the meteorites actually seen to fall, the chondrites are the vast majority,
whereas the iron meteorites are rather rare [12]. However, relatively more iron
meteorites have been found due to the fact that iron meteorites are rather heavy,
and thus, it is much easier to distinguish iron meteorites from terrestrial rocks.
Figure 2.1 shows different kinds of meteorites according to their composition
and structure.
Further analysis of iron meteorites reveals that their composition also differs
from the composition of metallic iron found on earth. All iron meteorites contain
at least 5% Ni. Most of them contain between 5% Ni and 10% Ni, and only a few
contain more than 20% Ni [1].
There are several theories of the origin of meteorites [12] but most of them
postulate that meteorites originated from parent bodies (asteroid-like bodies)
not dissimilar in composition from those on earth. A parent body is the structure
from which the meteorite acquired its current chemical and mineralogical
characteristics.
Meteorites are usually named after the places where they were found [8],
typically a nearly town or geographic feature. Some meteorites have informal
nickcames, designated by the Meteoritical Society used by scientists,
cataloguers, and most collectors.
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(a) (b) (c)
Figure 2.1: Different meteorites regarding their composition and structure;(a)
Murnpeowie meteorite, an iron meteorite with regmaglypts resembling thumbprints
("Murnpeowie meteorite" by James St. John); (b) Marília Meteorite, a chondrite H4,
which fell in Marília, São Paulo state, Brazil, on 5 October 1971, at 17:00 ("Meteorito
Marília" by Gabisfunny); (c) A cut and polished slice of the Esquel meteorite, a stony-iron
pallasite. Yellow-green olivine crystals are encased in the iron-nickel matrix ("Pallasite-
Esquel-RoyalOntarioMuseum-Jan18-09" by User:Captmondo - Own work (photo).
2.2 Atmospheric entry
Meteorites must survive the passage through Earth’s atmosphere in order to
be collected and studied. Dust-size particles (2-3 mm) are normally destroyed in
the process by frictional heating. Larger size meteorites can reach the surface;
however, with some mass loss. In some cases meteoroides suffer impacts with
other bodies which creates fractures in their structure. This weakened state can
lead to the fragmentation of the meteorite in its passage through the atmosphere.
When a large meteoroid enters the atmosphere, at an average velocity of
10-70 km/s, it carries with it a large momentum and the force which slows it
down is created by the atmosphere in the form of drag. Loss of momentum is
also present in the mass reduction suffered by ablation, when the meteorite
reaches the melting point. Meteorites can be reduced by 90 % by ablation [2].
The large amount of kinetic energy that the meteorite carries can be
converted to light and sound energy which produces a fireball. In some cases
this light and sound emission can be a very intense sight. The meteorite becomes
luminous at around 100 km of altitude when the temperature, caused by the
drag in the atmosphere rises over 1500 ◦C. Two mechanisms cause this intense
light. Firstly the melted meteorite which for itself already causes some light
emission. The most important effect is, however, when the atoms surrounding
the melted body begin to ionize, losing electrons. By electron capture,
immediately after the ionization, light is emitted causing the air to become
incandescent [2].
At an altitude of about 15 km the meteorite has already lost its cosmic speed,
being the gravity the only factor. At this altitude there is no heating process and,
as an effect, only the outer layer is still affected by the ablation and removed
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rapidly. For stony meteorites the heat conduction between the outer layer and
the inner layer of the meteorite is not significant. As such, the interior
temperature averages at about -45 ◦C. This cools the outside layer which
explains why meteorites, when they reach the surface, could be lukewarm at
most. For iron meteorites the heat conduction is significantly superior, but as the
journey through the atmosphere is fairly short, it could be hot to the touch but
never "glowing red" hot [2].
2.3 Weathering
As expected, in space, meteorites are not subjected to the effects of water and
oxygen. As they enter earth and survive the passage, meteorites must then
endure the conditions present on our planet. The two types of weathering are
explained further.
2.3.1 Mechanical weathering
This type of weathering starts still in space when meteoroids suffer
fragmentation. It continues as, in the impact with earth’s crust, further
fragmentation occurs. After the impact this type of weathering is still active as
wind and water abrasion, extreme temperatures, even plants and animals
continue to interact with the meteorite. The outer layer, melted and cooled with
the entry, make for somekind of protection, however, fragmentation and
contraction due to extreme temperatures could in most cases damage this shield
[2].
2.3.2 Chemical weathering
As most meteorites are finds, found much after the fall (sometimes millenia),
the meteorite can be exposed to chemical alteration for a large amount of time.
The main reaction in chemical weathering are oxidation, hydration and solution.
With sufficient time new minerals can be procuded in a specimen. On a stone
type meteorite the crust becomes lighter, irons oxides are produced through
weathering (e.g. goethite α − FeO(OH)). In iron meteorites rust in the
boundaries of the kamacite (α− FeNi) are produced in the form of plates.
In a short amount of time the fusion crust can be completely replaced by a
thick rind. In most chondrites iron-nickel grains are uniformly distributed.
These grains oxidize in the interior of the meteorite forming limonite
(FeO(OH) · nH2O), an amorphous, hydrated iron oxide.
To protect the meteorite, especially in irons, the specimen is often
neutralized, washed, oven dried and placed in a 99% alcohol solution.
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F. Wlotzka (Max Planck Institute in Mainz, Germany), in 1993, divised a
weathering scale for ordinary chondrites, used modernly for all meteorites,
regarding polished sections, labelled from W0 to W6. For meteorites found in
New Mexico and in the Lybian and Algerian Sahara, some terrestrial ages
correlation for W2 to W6 type weathering was also found [13]:
• W0 - No visible oxidation of metal or sulfide. A limonitic staining may
already be noticeable in transmitted light. Fresh falls are usually of this
grade although some are already W1;
• W1 - Minor oxide rims around metal and troilite, minor oxide veins;
• W2 - Moderate oxidation of metal, about 20-60% being affected - 5000 to
15,000 years;
• W3 - Heavy oxidation of metal and troilite, 60-95% being replaced - 15,000
to 30,000 years;
• W4 - Complete (>95%) oxidation of metal and troilite, but no alteration of
silicates - 20,000 to 35,000 years
• W5 - Beginning alteration of mafic silicates, mainly along cracks - 30,000 to
> 45,000 years
• W6 - Massive replacement of silicates by clay minerals and oxides - 30,000
to > 45,000 years
A different type of categories is used by the Meteorite Working Group at Johnson
Space Center to classify the weathering in antarctic meteorites [14]:
• A - Minor rustiness: rust haloes on metal particles and rust stains along
fractures are minor.
• B - Moderate rustiness: large rust haloes occur on metal particles and rust
stains on internal fractures are extensive.
• C - Severe rustiness: metal particles have been mostly stained by rust
throughout.
• E - Evaporite minerals visible to the naked eye.
2.4 Iron meteorites
Many studies have been conducted on this type of meteorite. It is suggested
[10] that their origin comes from melted solar system chondrite bodies that
allowed for small metal and silicate grains to form other structures. It is thought
that iron meteorites origin comes from 50 parent bodies 5-200km in size that
melted and formed different structures in the asteroid belt (between the orbits of
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Mars and Jupiter) [1]. They were then broken by impacts after cooling.
However, several work has been developed that contradicts these statements [1].
This type of meteorite may have originated from much larger bodies (1000 km)
and before chondrites were even formed. Studies in radiometric dating suggest
that the formation of metallic material could have been <0.1 Million years before
chondrites, namely studies in Ca-Al inclusion in these meteorites [1].
The several studies done led to the conclusion that this type of meteorite
would have accreted closer to the sun, contrary to the previous notion [15]. This
attributes them a superior importance in the study of the planetary genesis.
Iron meteorites are composed mainly of Fe-Ni alloys with trace amounts of
other elements, such as Co, P, S and C. Although the Ni content can vary from 5
to 60 wt%, the majority display a Ni content of 5 to 12 wt% [1].
2.4.1 Widmanstätten pattern
The Ni concentration in the melt determines the temperature of incipient
crystallization, and thus, in turn establishes kamacite (α - FeNi) orientation in
the final meteorite
Thomson and Von Widmanstätten both revealed the so called Widmänstatten
pattern, figure 2.2, by polishing and etching with different chemicals (see review
by Clarke and Goldstein , 1978 [16]). This pattern is the basis for the first
classification of iron meteorites and can be used to obtain cooling rates of
meteorites. It consists of an intergrowth of two iron-nickel phases, kamacite and
taenite. Kamacite is formed from the taenite phase in the cooling process [17].
The formation of this structure can be simply explained by the observation of
the Fe-Ni binary phase diagram (figure 2.3) [4], where the meteorite cools from
taenite (γ) into the α + γ where kamacite (α) appears and continues to grow in
the extremely slow cooling process (cooling rates in the range of
100-10000◦C/millions of years).
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Figure 2.2: Polished and etched slices of iron meteorites showing Widmanstätten
patterns. (a) Carlton – group IIICD, Of. Kamacite plates (blue) formed on the
close-packed planes of the parent taenite phase. Plessite, a fine mixture of kamacite
and tetrataenite, formed in the prior taenite regions between the kamacite plates.
Schreibersite precipitates are observed in the centers of some of the kamacite plates.
Scale – 1cm along the bottom. (b) Canyon Diablo – group IAB, Ogg. Note cohenite
precipitates in the centers of several kamacite plates. A large rounded sulfide occurs
in the right-hand bottom corner. Scale – 10.5cm along the bottom. (c) Mt. Edith – group
IIIAB, Om. Narrow bands are kamacite, gray angular areas enclosed by these are plessite.
Short angular bands surrounded by kamacite are schreibersite (Fe–Ni)3P; rounded black
inclusions are troilite, FeS. Scale – 19cm along the bottom. (d) Tawallah Valley IVB, D.
Kamacite plates form on the close packed planes of the parent taenite phase. The matrix is
plessite, a fine mixture of kamacite and tetrataenite. Numerous schreibersite precipitates
are observed in or near kamacite plates. (b and c: Courtesy of Smithsonian Institution).
(For abbreviations, Of, Om, etc., see Table 1 footnotes.) Figure taken from [1]
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Figure 2.3: Fe-Ni binary phase diagram [1], α is a low Ni bcc phase, γ a high Ni fcc phase,
γ1 a low Ni paramagnetic fcc phase, γ2 a high Ni ferromagnetic fcc phase, γ′ is ordered
Ni3Fe, γ′′ is ordered FeNi-tetrataenite, and Ms is the martensite starting temperature. T
γ
c
is the Curie temperature of the γ phase. Tγ
′′
c is the ordering temperature of FeNi, γ′′.
Figure taken from [4].
This structure occurrence leads to the first classification of this type of
meteorites by the characteristics of this structure. The inexistence of this pattern
leads to the hexahedrites (H) which are one-phase meteorites composed mainly
of the grown kamacite phase. This difference in the Widmänstatten pattern is
related with the nickel content of the meteorite being the hexahedrites the ones
which contain the less nickel content (5-6.5 wt%). The two other types are
related with the size of this interleaving of the γ and α phases being the
octahedrites (O) the type with a macroscopic structure (6-12 wt% Ni) and
ataxites (D) with a microscopic structure and with higher nickel content (10 - 42
wt%) [1].
2.4.2 Chemical classification
Presently, iron meteorites are classified according to a chemical classification
system that divides irons identified by letters and Roman numerals. This
classification is based on the content of nickel and trace elements gallium,
germanium and iridium.
The measurement of quantities of trace elements galium and germanium led
to the first chemical distinction in iron meteorites. This distinction was labelled
from I to IV and it was based on the concentration of those elements [[18],[19]].
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Other trace elements were analysed afterwards using neutron activation analysis
by Wasson (1967) [20] and Wasson et al. (1998) [21], and the first four groups
were then divided into 14 others adding letters form A to G. The iron meteorites
which do not fit these 14 groups are named ungrouped. This classification, by its
chemical content, enables us to conclude that they are originated from the same
parent body [[22],[23],[24]]. In table 2.1 different iron meteorites are divided into
the 14 groups along with some properties that distinguish them.
Table 2.1: Properties of 14 groups of iron meteorites and the ungrouped irons.a
Group Number Ni (wt%) Structureb Example Reference
IABc ∼ 110 6–60 Og-D Canyon Diablo Choi et al. (1995)[25]
IC 11 6–7 Ogg, Og Bendego Scott and Wasson (1976)[26]
IIAB 78 5.3–6.5 H, Ogg Coahuila Wasson et al. (2007)[27]
IIC 8 9.3–11.5 Opl Ballinoo Wasson (1969)[28]
IID 21 9.6–11.1 Om, Of Carbo Wasson and Huber (2006)[29]
IIE 17 7.2–9.5 Og-Off Weekeroo Sta. Wasson and Wang (1986)[30]
IIF 6 11–14 Opl, D Corowa Kracher et al. (1980)[31]
IIG 6 4.1–4.9 H Bellsbank Malvin et al. (1984)[32]
IIIAB ∼ 220 7.1–10.6 Om Cape York Wasson (1999)[33]
IIICDc 12 12–23d Of-D Tazewell Choi et al. (1995)[25]
IIIE 14 8.1–9.6 Og Kokstad Malvin et al. (1984)[32]
IIIF 8 6.8–8.5 Og, Om Clark Co. Kracher et al. (1980)[31]
IVA 61 7.5–12 Of Gibeon Wasson and Richardson (2001)[34]
IVB 14 16–18 D Hoba Walker et al. (2008)[35]
Ungroupedc ∼ 110 6–35 Ogg-D Butler Scott (1979), Wasson (1990)[36][37]
a - Based largely on the listed references and the Meteoritical Bulletin Database:
http://tin.er.usgs.gov/meteor/metbull.php. Numbers exclude paired specimens and irons
with tentative classifications.
b - Structure: H, hexahedrite; Ogg, Og, Om, Of, Off – coarsest, coarse, medium, fine, and
finest octahedrites; Opl, plessitic octahedrite, D, ataxite. See Buchwald (1975, Table 26a)[22] for
definitions.
c - Wasson and Kallemeyn (2002)[38] define 120 irons from groups IAB and IIICD and ∼ 35
ungrouped irons as a “group IAB complex”. IIIC and IIID irons are included in their scheme as
sLM and sLH subgroups, respectively. The silicate-bearing groups IAB and IIICD did not form
by fractional crystallization.
d - Irons with lower Ni concentrations are excluded.
Figure 2.4 and figure 2.5 show Ge-Ni, Ir-Ni, As-Ni, Co-Ni, Ga-Ni and Au-Ni
plots allowing for the grouping of iron meteorites
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Figure 2.4: Logarithmic plots of (a) Ge vs. Ni and (b) Ir vs. Ni of bulk compositions of
all iron meteorites. The chemical groups are shown in distinct colours and symbols. Iron
meteorite data provided by J.T. Wasson; references are given in Table 2.1. Figure taken
from [1].
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(a) (b)
(c) (d)
Figure 2.5: (Caption next page.)
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Figure 2.5: (Previous page.) As-Ni, Co-Ni, Ga-Ni and Au-Ni plots for the composition of
iron meteorites. (2.5a) As-Ni distribution in iron meteorites. The dashed line is the As/Ni
ratio for Cl chondrites; group I and IIIC meteorites contain these elements in this ratio.
In groups I, IIAB, IIIAB, and IVA, As content correlates positively with Ni content. Short-
dashed lines enclose well-resolved groups. Reprinted from Scott (1972)[39]. (2.5b) Co-Ni
distribution in iron meteorites. Most chemical groups are well resolved (as indicated
by short-dashed outlines), but they are scattered on either side of the Co/Ni ratio for
Cl chondrites (dashed line). In group IIIAB, Co content correlates positively with Ni
content. Reprinted from Scott (1972)[39]. (2.5c) Logarithmic plot of Ga against Ni for iron
meteorites, showing quantization into the different groups. Apart from IA and IIICD,
the groups show very limited ranges of Ga contents, less than ± 20 percent about the
mean. IB is very sparsely populated with only eight meteorites and is shown in short-
dashed outline. About 14 percent of known iron meteorites are anomalous and are not
shown. The straight dashed line through groups IA, IC, and IIAB shows the Ga/Ni
ratio for Cl chondrites. Reprinted from Scott and Wasson (1975)[23], copyrighted by
American Geophysical Union. (2.5d)Au-Ni distribution in iron meteorites; the dashed
line represents the Au/Ni ratio in Cl chondrites. Most groups are shown only in outline;
this is short dashed when only a few data points define a group. Reprinted from Scott
and Wasson (1975)[23], copyrighted by American Geophysical Union. All plots were
taken from B. Mason (1979) [40].
Gallium and germanium are important elements in the classification due to
their increased volatility during chemical fractionation in the cooling and
solidification of the meteorite. They can be further divided into two groups [41].
In the first group, the magmatic one (composition consistent from solidification
from a molten iron), we include groups IIAB, IID, IIIAB, IVA, IVB, IC and IIIF,
which show very few silicates and their composition can be explained by
chemical fractionation during its solidification. The secong group,
non-magmatic, composed of groups IAB, IIICD and IIE, contain much more
silicates and its composition cannot be modelled simply by chemical
fractionation [[42],[43]]. The belief is that the first group originated from melted
asteroid cores and the second, silicate-bearing iron meteorites (a more correct
label), from bodies which were not sufficiently heated [24].
The results obtained in the study of our iron meteorite, (see chapters 4 and 5),
makes us focus mainly in groups IIAB and IIG, both Hexahedrites.
The IIG group is posterior to the IIAB since their formation probably is
connected to that group. It is composed of 6 meteorites (5 similar specimens is
the minimum to achieve group status), being all hexahedrites. The proximity to
the IIAB group suggests that, in the late stages of IIAB type crystallization,
isolated cavities in the P-rich lower core were formed. These subcavities and
their wall gave way to this type of iron meteorite. The offsets in the composition
between the two groups can be explained by this scenario [44]. In figure 2.6 the
compositional differences between the IIAB and IIG groups are represented:
18
G
a 
(µ
g/
g)
44
36
38
40
48
52
56
60 a
34
IIG
IIAB
G
e 
(m
g/
g)
80
40
50
60
100
120
160
200
b
N
i (
m
g/
g)
50
44
46
48
52
54
56
60 c
42
58
Au (µg/g)
A
s (
µg
/g
)
 0.5     0.6             0.7          0.8        0.9       1.0      1.1    1.2           1.3          1.5      1.7 
6
4
5
8
12
16
20 d
10
(a)
Ir 
( µ
g/
g)
0.5
0.02
0.1
0.2
5
10
20
50
a
0.05
2
1
0.01
IIG
IIAB
W
 ( µ
g/
g)
1.0
0.2
0.6
0.8
1.5
2.0
3.0
4.0
b
0.4
Cu
 ( µ
g/
g)
110
9
100
120
130
140
150 c
Au (µg/g)
Co
 (m
g/
g)
              0.5             0.6          0.7        0.8       0.9     1.0     1.1           1.3         1.5       1.7 
4.6
4.8
5.0
5.2
5.4
d
(b)
Figure 2.6: (2.6a) Taxonomic elements in IIG irons are offset from IIAB trends.(2.6b) Most
IIG elements plot on or near IIAB trends [44].
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2.4.3 Ungrouped iron meteorites
There is not a noticeable difference between the grouped and ungrouped iron
meteorites. Some of these could be by-products from collisions between other
types of meteorites, but not in most cases [45]. For the most part, this type of
meteorites experience the same chemical fractionation as the other chemical
groups. Deviations from the trends related to the other groups tend to be related
with different concentrations of other elements also present in all the other
groups. This suggests that most of this type of meteorites experienced fractional
cristalization. This also suggests that with the analysis of more specimens some
could be grouped. The total number of parent bodies for this type was possibly
underestimated (40-50) [36].
A large number of these meteorites are found in Antarctica due to their
smaller mean mass. These can originate from more diverse regions because of
their superior ejection velocity and slower drift to resonances.
2.4.4 Other characteristics of iron meteorites
In iron meteorites several inclusions are found related with the presence of P,
S, and C. These inclusions consist mainly of schreibersite (Fe-Ni)3P, troilite (FeS)
and cohenite (FeNi)3C along with others [22]. All These elements have a major
effect in the solidification of iron meteorites. Phosphorous is a very important
element in the formation of the Widmanstätten pattern by its influence in the
temperature, diffusion rate and reaction of process of the nickel in the formation
of these structures [46].
(a) (b)
Figure 2.7: (2.7a) Tishomingo, an ungrouped ataxite, found in Oklahoma in 1965. The
indistinct features have resulted from a history of a single large taenite crystal partially
altered to martensite and greatly modified by shock deformation and thermal aging.
Note inclusions of troilite. Nickel content 32%. Note cube one cm on a side. Courtesy of
Eric Twelker, www.meteoritemarket.com[2]. (2.7b) Neumann Lines under S.E.M. X 500
appear as closely spaced parallel groves. Photo taken from [47].
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Compressional shock waves produced in space or during atmospheric entry,
origin the so-called Neumann lines or Neumann bands. They are narrow, parallel
lines seen in cross-sections of hexahedrites in the kamacite phase. They can be
seen after a polished meteorite cross-section is etched. Although obvious in
hexahedrites, Neumann lines are present in other iron meteorites as well. They
are named after their discoverer, the German mineralogist Franz Neumann, who
first studied them in 1848 [48].
2.5 Iron-nickel alloys
Iron-Nickel alloys (NiFe or FeNi) are alloys that are mostly composed of iron
and nickel. These alloys are the general composition of dense planetary cores
e.g. Earth. Their study is important because these are the final materials
resulting from stellar nucleosynthesis. The process in which elements are
created within stars. These alloys contain the heaviest element which do not
require a supernova or a similar energetic reaction to be formed [49].
Iron-nickel alloys occur naturaly in meteoritic iron. Meteoritic iron is
composed of mostly kamacite and taenite along with minor amounts of
tetrataenite, antitaenite and awaruite which are all iron-nickel alloys. Awaruite
can also be found naturally on earth in serpentinites which are rocks composed
of one or more serpentine group minerals. Other example of a naturally
occuring iron-nickel alloy in Earth is telluric iron, which only contains around
3% nickel. Earth’s and other planetery cores are also composed of iron-nickel
alloys. These type of alloys are also artificially manufactured in elinvar, invar,
maraging steel and mu-metal [50].
J. M. Knudsen and collaborators discovered in the taenite lamellae extracted
from the Cape York and Tolluca meteorites (iron meteorites from the group of
octahedrites), the presence of an ordered phase in the Fe-Ni system, Fe50Ni50,
not found on Earth [51]. Results obtained in a completely different domain
allowed a better understanding of the nature of these alloys, detected in
meteorites. Starting from Louis Néel results on the relations between ordering
phenomena and magnetic properties of binary alloys, the group of the Centre
d’Etudes Nucléaires de Grenoble, evidenced, in 1962, the presence of an ordered
phase, superstructure L10, in the neutron irradiated Fe-Ni 50-50 alloys [52]. This
phase is distinguishable by the way it is formed and by its structural,
thermodinamic and magnetic properties. The order-disorder transition
temperature of the L10 superstructure phase is 320◦C and this explains why it
has not been possible to obtain this phase by annealing, since at this temperature
the diffusion of metallic atoms practically halts and a very long time is required
for ordering. Cooling rates in the interior of the parent bodies of iron meteorites,
as demonstrated by Wood [53], are expected to be at least 1◦/106 years. It is
then, in meteorites, that the ordered phase could occur in their Fe-Ni
constituents. This was first confirmed, 15 years later [51].
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A notable example of an iron-nickel alloy is the invar (FeNi36) with 36 %
nickel content. This alloy has some physical properties different from any
others. At this percentage the alloy presents a maximum for the melting point,
specific heat and temperature coefficient resistance, and a minimum for thermal
conductivity, thermoelectric power and temperature coefficient of resistance
[54]. This alloy is unique for its low coefficient of thermal expansion [5]. It is
used for precision intruments or in applications where the low thermal
expansion is notably useful. Charles Édouard Guillaume received the Nobel
Prize in Physics in 1920 for the discovery of this alloy. The comparison between
the meteoritic Fe-Ni alloys and neutron irradiated Fe-Ni invar alloys showed
that despite the similar composition of the meteorite phases and the irradiated
alloys, the order of degree is much higher in meteorites. The thermic variation of
the lattice parameters indicates that the meteoritic Fe-Ni phases exhibit the same
properties as for the irradiated Fe-Ni invar alloys. Basically, radiation enhances
the phase segregation kinectics and the ordering of the alloy. The same process
occurs in meteorites, but in a much different time scale, due to the exceptionally
slow cooling rate of meteorites in their parent bodies [55].
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Chapter 3
Techniques used and experimental
conditions
The studied meteorite presented a high density and its exterior was consistent
with a metallic meteorite. It was first cleaned by ultrasonic cleaning in an alcohol
bath. Then it was weighted, measured, and photographed. As different studies
of the inside of the meteorite were planned, it was cut into four pieces roughly of
the same size. The cut was done with a precision diamond saw (Miniton Struers
machine), taking about four hours.
3.1 Metalography
For microscopy the samples were submitted to a metalographic preparation.
After being cut and mounted in hot resin with a Prestopress Struers machine, the
samples were polished in a Planopol/Pedemax Struers equipment. They were first
roughly polished with different grain water paper, during approximately 15
minutes for each paper. Fine polishing was done first with diamond suspensions
9µm, 3µm and 1µm during also 15 minutes. To finalize the polishing, alumina
suspension was used.
For microscopic observation the samples were etched with Nital 4% (mixture
of 4% nitric acid and 96% alcohol) being the duration of the chemical attack
controlled by optical microscopy observation during etching procedure. All the
equipment used belongs to CFisUC, Physics Department of University of
Coimbra.
3.2 Optical microscopy
Optical microscopy is used for examination and characterization of matter
with some magnification using visible light. Our solid samples were observed
with light reflected from the surface of the polished samples. The microscope
used was a Nikon Optiphot and photos were taken varying the light source,
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position of the sample and amplification. This microscope belongs to CFisUC,
Physics Department of the University of Coimbra.
3.3 Scanning electron microscopy and electron probe
microanalysis
Scanning electron microscopes are used in the study of surface topography of
solid samples [56]. For the formation of images a similar technique as in "old"
televisions is used, with sequencial scanning of the sample surface. In 3.1 a
schematic of the SEM is shown.
Figure 3.1: Schematic representation of a scanning electron microscope equipped with
microprobe capabilities. Image taken from [57].
The electron beam passes through an evacuated column and is focused by a
system of electromagnetic lenses over the sample surface. In the sample, several
phenomena occur: diffusion and diffraction of electrons, emission of secondary
and Auger electrons, emission of light and X-rays, etc. Each one of those effects
can produce an image if a suitable detector is used, transforming the effect into
an electrical signal. There is a synchrony between the rastered beam ray and the
image displayed in the screen.
In the mode of emission of secondary electrons, an image point is brightened
when more electrons are emitted from the corresponding point of the sample. In
the case of using a detector for the characteristic X-ray emitted by the sample, a
local analysis at micrometer scale can be used (microprobe analysis). The energy
of the X-ray emission is measured either by solid-state energy dispersive
spectrometry (EDS) or wavelength dispersive spectrometry (WDS) detectors so
that qualitative and quantitative information can be obtained from the same
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portion of the sample under microscopic observation [56]. In both cases the
analysis can be done by a fixed probe or scanning the surface of the sample. A
schematic of the assemble used is shown in figure 3.1.
In our case the chemical composition of the sample was determined in fixed
mode by EDS (associated to a scanning electron microscope)
3.3.1 Qualitative micronalysis
The determination of the elements present in the analysis volume of the
sample is done by the identification of the peaks of X-ray spectrum. The
emission volume is determined by the diffusion of incident electrons in the
sample, which increases with the penetration depth.
3.3.2 Quantitative microanalysis
This analysis is always done with fixed probe and the theoretical principles
are due to Castaing, 1951 [58]. To determine the massic concentration C of an
element A in a sample with J(J = A, B, C, ...) elements with CJ concentrations,
the following procedures are done:
1. determination of intensity I(T), of the characteristic X-rays emitted in the
same condition of a pattern T having the element A in a known
concentration C(T) ;
2. assuming that the intensity of the X-rays emitted by mass unit and by
incident electron are proportional to the concentration of the element A,
the ratio between concentration, CC(T) , is related to the ratio of intensities,
I
I(T) by the formula
C
C(T) = K
I
I(T) where K is the correction factor that
depends on the chemical composition of the sample and of the pattern. It
depends on the atomic number of the elements present in the sample (Kz),
on the absorption of characteristic X-ray during the path way out of the
sample (Ka) and the secondary emission of fluorescence X-rays (K f ).
Factor K can then be expressed by K = Kz.Ka.K f [59].
The method that takes in account all these partial corrections is called ZAF
Correction Method.
3.3.3 Equipment used and experimental conditions
Images were taken with different amplifications in a TESCAN VEGA3
scanning electron microscope with an electron acceleration voltage of 20kV and
using back-scattered electrons (BSE) detectors. This SEM belongs to TAIL-UC
Platform installed in the Physics Department of University of Coimbra.
Microprobe analysis was done in a JEOL JXA8200 microprobe with an
electron acceleration voltage of 15kV, belonging to Johannes
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Gutenberg-Universität Mainz, Germany.
SEM images and X-ray maps were obtained with a JEOL JSM630 microscope
working at 15kV, belonging to CEMUP, Porto.
The analysed samples were slices cut inside the meteorite and polished in the
way already explained (section 3.1) and for SEM images they were etched. The
conduction of electrons were done with argent paint and carbon tape used to fix
the samples to the metallic support.
3.4 X-ray diffraction
X-ray diffraction is a characterization technique which makes use of X-ray
radiation to identify the crystalline phases of a material. In crystalline matter,
unlike amorphous, the atoms are arranged in a regular pattern. It can be
considered as a group of smaller cells that repeat themselves in a pattern. The
individual cells are unit cells. To classify a crystalline pattern we only need to
take in account 7 different types of crystal systems: cubic, tetragonal,
orthorhombic, hexagonal, trigonal, monoclinic and triclinic [60]. The dimensions
of the unit cell are defined by the three axes (X,Y,Z) with the edge lengths a, b, c
respectively. The angles between the axes are defined as alpha, beta and gamma
(with α the angle between b and c, etc.). The atoms in the crystal form a series of
parallel planes with different spacing between them defined as d. These
crystallographic planes are identified by Miller indices (h,k,l). We can easily
define a relation between the spacing and the parameters of the unit cell [61].
The diffraction of the X-rays occurs when this type of radiation interacts with
a crystalline solid. When the beam hits the surface of a periodic structure
(crystal) at an angle θ some of them will be "reflected" at the same angle θ. A
part of this beam will travel through the crystal and interact with the second
crystal plane. This effect will occur for the remainder of the planes in the crystal.
This beam will travel through different distances before it hits different planes.
So some constructive interference happens if the diference between the paths of
the "reflected" waves in two adjacent planes is equal to nλ. In figure 3.2 we can
notice that the distance of the path between the first plane hit and the second is
given by CG + GE. This reflected (diffracted) beam will only constructively
interfere if CG + GE = nλ. Also the two segments are equal in distance as d
(distance between panes) times sin(θ):
CG = GE = dsin(θ) (3.1)
Finally :
2dsin(θ) = nλ (3.2)
This is Bragg’s law (1912) [62]. This law gives us the relation between the
interplanar distance in a crystal and the angle of diffraction of an X-ray beam
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with a certain wavelength.
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Figure 3.2: Schematic representation of X-ray diffraction phenomenon (Bragg’s law).
Varying the angle of the incident X-ray beam, relatively to the sample, this law
is satisfied for different d (interplanar distances) of a crystal, randomly oriented.
The X-ray diffractometer contains a goniometer with a detector that moves in
syncrony with the sample, measuring the intensity of the beam. The goniometer
rotates through an angle of 2θ, that corresponds to the angle between the incident
beam on the specimen surface and the resulted diffracted beam as shown in figure
3.3.
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Figure 3.3: Schematic representation of X-ray diffracted beam and the goniometer
rotation (Bragg-Brentano geometry). F, A and D stand for source, sample and detector.
Figure taken from [63].
In this configuration we obtain a unique diffractogram of the material,
containing several peaks, each one for each series of paralel planes in the
material we want to analyse. If the material is composed of several phases, the
diffractogram obtained is the sum of the patterns of diffraction of the different
phases. To identify the phases a comparison is made of the position of the peaks
with the standards compiled in the database PDF-2. This PDF-2 is a database
compiled by the ICDD (International Center for Diffraction Data) [64].
The main components of an X-ray instrument are similar to those of many
optical spectroscopic instruments. These include a source, a device to select and
restrict the wavelengths used for measurement, a holder for the sample, a
detector, and a signal converter/readout. However, for X-ray diffraction, only a
source, a sample holder, and a signal converter/readout are required as shown
in figure 3.4.
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Figure 3.4: Schematic representation of X-ray diffraction of a sample. Image taken from
[65].
3.4.1 Equipment used and experimental conditions
Several diffractograms were collected using this technique. After the cut of
the meteorite, as referred in section 3.1, one of the pieces of the meteorite was
polished using the procedure already referred. This time no etching was made.
Diffractograms were also obtained on the outside surface of the meteorite,
choosing the flatter areas.
The diffractometer used was a Seifert C3000, working with 40 kV and 30 mA
settings and CuKα radiation (λ = 0, 154184 nm). The equipment belongs to
CFisUC, Physics Department of University of Coimbra.
3.5 Mössbauer spectroscopy
Mössbauer spectroscopy is a characterization technique based on the
Mössbauer effect. When, in a nucleus, with its various energy level transitions,
there is, in most cases, emission or absortion of gamma rays, the changes
between energy levels can provide information about the atom’s surronding.
Rudolf Mössbauer discovered the recoilless gamma ray emission and
absorption, known as the "Mössbauer effect" and the theory behind this effect.
He was awarded the Nobel Prize in Physics in 1961 for his work [66].
Mössbauer spectroscopy is a very versatile technique used in different areas
of science. It can provide us with precise chemical, structural and magnetic
information of a given material [67].
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Consider a free nucleus. When this free nucleus emit or absorb gamma
radiation it recoils, due to momentum conservation, with energy Er. A diagram
is shown in figure 3.5. When a gamma ray is emitted it has Eγ less energy than
the nuclear transition. The kinectic recoil energy is given by:
Er =
E20
2Mc2
with,
• E0, energy of nuclear transition;
• M, mass of the atom;
• c, light velocity.
The emitted photon has energy Eγ = E0 − Er. By the same reason, so that the
absorption occurs, it is necessary that the incident photon has energy E
′
γ = E0 +
Er.
Gamma-ray
E
r
E
Υ
E
r
Figure 3.5: Recoil of free nucleus by emission or absorption of gamma-rays.
The atoms will exhibit movement due to random thermal motion, so the
gamma-ray energy spreads because of Doppler effect. In the figure 3.6 the
energy profile of the gamma-rays is evident. To have a signal resonance, the two
energies (emission and absorption) must overlap. ED is the energy broadning
due to Doppler effect.
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Figure 3.6: Energy profile of emitted and absorbed γ rays and resonance overlap.
When atoms are in a solid matrix the recoiling mass is the mass of the whole
system. This makes Er and ED very small. So if the nuclei emitting and absorbing
the gamma-rays are in the same solid matrix, the energy of their rays are the same
and resonance is achieved. However, the number of isotopes that can be used for
this type of spectroscopy are limited. The isotope used was 57Co that decays to
57Fe. The "Mössbauer transition" is the 14.4 keV.
3.5.1 Spectra
The energy changes which we want to analyse are very small as compared
with an electron volt. These very small changes can be achieved by Doppler
effect. To make use of this effect, the radioactive source on the spectrometer
oscillates with a velocity of a few mm.s−1. In figure 3.7, the scheme of a
spectrometer is represented in a transmission geometry.
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Figure 3.7: Representation of the transmission geometry experimental assembly in
Mössbauer spectroscopy.
The spectrum is then obtained in discrete velocity steps as it is shown in 3.8.
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Figure 3.8: A Mössbauer spectroscopy spectrum obtained in transmission geometry
With the oscilation, the energy of the gamma-ray varies by small increments.
When this energy matches the energy of the nuclear transition in the sample,
resonance occurs and a peak is shown in the spectrum. In the previous figure, the
peak is at 0 mm.s−1 hence the absorber and the emitter are identical materials. For
materials in different environments the spectrum is modified by three different
interactions: Isomer Shift, Quadrupole Splitting and Magnetic Splitting.
3.5.2 Isomer shift
This parameter originates from the volume of the nucleus and the electron
charge density caused by the s-electron cloud contained in it. The nuclear
energy levels are then altered by monopole (Coulomb) interaction. If the
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s-electron environment of the source is different from the same enviromnent of
the absorber, a shift in the resonance energy of the transition is produced. This
parameter defines the centre of the spectrum and the spectrum is moved either
to the positive or the negative side depending on the density of the s-electron.
The shift is measured by comparison with a known absorber.
In this interaction the nuclear ground-state and excited state are shifted by
∆Eg and ∆Ee. This results in the following variation for the energy of the γ
photon:
∆Eg − ∆Ee = 15e0 Ze
2R2
∆R
R
|Ψ(0)|2
being Ze the nuclear charge, R the atom radius, ∆RR the relative variation of
the atom radius between the ground and the excited states, and e|Ψ(0)|2 the
electron charge density in the nucleous.
If the electronic environments for the emiter (E) and the absorber (A) are
different, the absorption line will be shifted (relative to the emission line) by:
δ = ∆EA − ∆EE = 15e0 Ze
2R2
∆R
R
(|ΨA(0)|2 − |ΨE(0)|2)
being δ the isomer shift between the emmiter and the absorber.
The isomer shift is measured in relation to a reference isomer shift, normally,
the α− iron shift.
This parameter allows the measurement of the valence states, ligand bonding
states, electron shielding and electron-drawning power of electronegative
groups.
3.5.3 Quadrupole splitting
The quadrapole splitting arises from the nuclei that have a non-spherical
charge distribution. This distribution produces a quadrapole moment and in the
presence of an asymetrical electric field the nuclear energy levels are splitted. A
single quantity, Electric Field Gradient (EFG), characterizes the charge
distribution. The magnitude of the splitting is determined by the nuclear
quadrupole moment and the EFG. The Hamiltonian has the following
eigenvalues:
EQ =
eQVzz
4I(2I − 1) [3m
2
I − I(I + 1)](1+
η2
3
)1/2
with η = Vxx−VyyVzz , being Vxx, Vyy and Vzz the components for the electric field
gradient tensor. As Vxx + Vyy + Vzz = 0 and |Vxx| ≤ |Vyy| ≤ |Vzz|, this results in
0 ≤ η ≤ 1. I is the nuclear spin and mI the maximum component for the Oz axis’
nuclear spin.
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3.5.4 Hyperfine magnetic field
The nuclear spin moment suffers a dipolar interaction when in the presence
of a magnetic field (Zeeman splitting). The magnetic field can arise from various
sources and the effective magnetic field is given by:
−→
B e f f = (
−→
B contact +
−→
B orbital +
−→
B dipolar) +
−→
B applied
The
−→
B contact is due to the spin on the electrons polarising the spin density at
the nucleus.
−→
B orbital arises from the orbital momentum of the same electrons
and
−→
B dipolar is the dipolar field due to the spin of these electrons.
For a I > 0 spin state this interaction divides the nuclear levels, by Zeeman
splitting, into 2I + 1 sub-levels. The energy for the nuclear levels is modified by:
∆Em = −gµNBe f f mI
where g is the nuclear Landé factor, µN the Bohr magneton and mI the
quantum magnetic number for the nucleous.
The allowed transitions between the sub-levels of the ground and excited
states are given by the selection rules (∆m = 0,±1)
These three parameters define the Mössbauer spectra and their effect on the
spectra obtained are evident in the illustration given in figure 3.9.
Hyperfine interactions
Electric Magnetic Electric and magnetic
Figure 3.9: Hyperfine interactions that occur in Mössbauer spectroscopy. Figure taken
from [68]
34
The spectra shown so far are recorded in a transmission geometry in which
the detector is placed in front of the sample and the radiation that is transmitted
through the sample is recorded. The peaks are negative features and the
absorber should be ’thin’ with respect to absorption of the γ-rays. In emission
(backscattering) Mössbauer spectroscopy, the radiation source and detector are
on the same side of the sample. The peaks are positive features, corresponding
to recoilless emission of γ-rays, conversion X-rays and electrons [69]. In figure
3.10 a scheme of the two geometries is represented along with the type of
spectrum obtained.
Figure 3.10: Comparison of ’transmission’ and ’backscatter’ geometries in Mössbauer
spectroscopy. Image taken from [69].
The MIMOS (MIniaturized MÖssbauer Spectrometer) operates in
backscattering geometry as shown in figure 3.11.
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Detectors
Incident γ rays
Backscattered γ rays
v+_
Figure 3.11: ’Backscatter’ geometry in MIMOS (MIniaturized MÖssbauer Spectrometer).
The source is inside the tube and oscilates with a velocity ±~V. The four detectors are
Si-PIN-detectors. Figure taken from [70].
The γ radiation energy is modulated by Doppler effect using an
electromechanic motor which provides the source with a continuous
forward-backwards motion with a constant acceleration. The motor provides an
electrical signal which enables the synchronization between the speed of the
source motion and the multichannel analyser. The γ radiation is detected using
a proportional detector in the case of transmission geometry [64]. The
multichannel analyser has, usually, 512 channels of acquisition to each half-wave
(the motion can be represented by a triangular wave), so the spectrum is
recorded twice, for the increasing and decreasing velocity. In the analysis stage
the two spectra, which are a mirror image of each other, are overlapped
("folded"). This process allows for the correction of certain geometric effects
which affect the two spectra in an opposite manner. A block schematic of a
Mössbauer transmission spectrometer is shown in figure 3.12.
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γ γ
Source Sample
Figure 3.12: Block diagram of a transmission Mössbauer spectometer.
3.5.5 Equipment used and experimental conditions
In this work, Mössbauer spectroscopy results were obtained in two different
instruments. The first results were obtained using backscatter geometry
spectometers and, for this geometry, MIMOS spectrometer was used in Johannes
Gutenberg-Universität Mainz, Germany, shown in figure 3.13. The results were
obtained at room temperature for both the outside and an inside cut surface. No
preparation of samples was done.
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Sample
Figure 3.13: Recording a spectrum with MIMOS spectrometer. The sample is placed over
the window.
The second results were obtained using a transmission geometry
spectrometer in Physics Department of University of Coimbra belonging to
CFisUC Center. A piece of meteorite was filled to powder (60µm diameter)
using a diamond file, and placed in a plastic holder.
The isotope used in this work was 57Fe, the 14.4keV radiation selected from
the decay of a 57Co in a Rh matrix, and all measurements were made at room
temperature.
The spectra were fitted by a set of lorentzian lines determined by least mean
squares [71] with the program NORMOS distributed by Wissel, Germany. The
isomer shifts are given relative to α− Fe measured at room temperature.
3.6 X-ray Fluorescence
3.6.1 Fluorescence rays
When a sample is irradiated with a beam of primary X-rays the secondary
X-rays emitted could provide information about the composition of that sample.
These X-rays are characteristic for each atom so they are initially independent
from the chemical state of the sample. Therefore, these X-rays can only provide
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information about the elemental composition. X-ray fluorescence is an analysis
technique used for sample sizes up to several cm2. This technique has improved
as the X-rays sources with fine and high intensity X-rays have increased in
availability. Figure 3.14 shows a diagram of the process:
K-SHELL
L-SHELL
Nucleus
M-SHELL
Primary X-RAY
X-RAY emission
Ejected electron
Kα Kβ
N-SHELL
Lα
Lβ
Mα
Figure 3.14: Schematic representation of secondary X-ray emission by fluorescence
The classical technique uses a beam emitted through a X-ray tube. The source
type synchrotron, which has an higher brilliance (the greater the brilliance, the
more photons of a given wavelength and direction are concentrated on a spot per
unit of time) along with many other advantages, has very superior possibilities.
Portable assembles use radioactive sources [57].
3.6.2 Spectrometer
The X-rays emitted by the sample are analysed by a spectrometer associated
with a system of detection, amplification and information treatment. A schematic
for this type of spectrometer is shown in figure 3.15. As already mentioned, if the
energies of the fluorescent X-rays are known, the composition of the material
can be determined. There are two methods to separate the energies: wavelength
separation (WDS) and energy separation (EDS).
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Figure 3.15: Schematic of a X-ray Fluorescence Spectrometer. Image taken from [72].
Wavelength separation
This is the most common type of spectrometer. It contains a plane crystal
analyser associated with collimators. When the X-ray reaches the analysing
crystal, the light is separated, using a prism, and the energy (wavelength)
becomes separated. The resolution is limited by the size of the collimator which
can become a problem to separate the neighbour peaks. The choice of the
collimator could achieve a better intensity-resolution compromise. The
resolution can also be improved using a more focalised beam through a smaller
active surface of the sample.
Energy separation
Spectrometers using semi-conductors Si(Li) make it possible the
simplification of the assemble and a rapid analysis of the complete spectrum.
However, the resolution and the SNR (signal to noise ratio) are generally worse
than in the WDS. The optimization of this type of spectrometer for the
fluorescence radiation may contribute to better or similar performances to the
spectrometer with a crystal analyser (wDS).
3.6.3 Analysis
This technique can provide us with qualitative or quantitative results. The
qualitatitive analysis is given by the separation of the spectrum in the different
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peaks. As each secondary emission is characteristic, the different components
can be identified. A quantitative measurement can also be done. If the
concentration of an element is superior than the concentration of another it’s
peak will be more intense as the counts will be higher. Comparing that with
standards, the concentration of an element can be inferred. Nevertheless, this
type of analysis is greatly dependent on the homogeneousity of the sample and
the "a priori" information about all the elements present. The coating thickness
of a sample can also be obtained by analysing the composition difference
between the coating layer and the interior sample.
3.6.4 Sample preparation
The samples to be analysed can be of various shapes and sizes. The size is
limited by the minimum detection capability of the spectrometer and the size of
the surface which will hold it. Yet, for a quantitative analysis a homogeneous
sample is needed. The sample can be analysed in the raw state as in the case of
measurements of artifacts. Powder finely grounded and aggregated in a tablet
can also be used. Also a sample in a liquid state by dissolution can be studied.
3.6.5 Instrumentation
At first glance, obtaining results with the spectra appears to be
straightforward. The X-ray lines are separated so the elements should be
identified, and the peak intensity should give the concentration of the elements
right away. However, the results of the analysis can be influenced by the
physical proprieties of the sample. These are called "matrix effects".
X-ray absorption
The sample naturally absorb X-ray radiation. This absorption reduces the
number of secondary X-rays that are emitted and detected. If the coefficients of
absorption are well-known this becomes less of a problem. Nevertheless, if the
sample composition is unknown, several steps, as an estimation of the elements
concentration present, must be made.
Enhancement
The X-rays emitted by heavier elements can also influence the lighter
elements and more secondary X-rays from these elements are emitted. These can
be corrected by the knowledge of the composition matrix.
3.6.6 Macroscopic effects
The ideal sample is homogenous and isotropic but this is far from the truth in
most samples. This issue can’t be solved by theoretical corrections. A calibration
must be made using materials with similar composition. However, this
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calibration is limited by the given number of calibration standards.
Also background and a line overlap correction must be made in order to
obtain better results. The background arises primarily from the scattering of
photons when they hit the target sample. The measurement of trace elements is
highly influenced by the background.
The overlap of different peaks is also a common problem. The spectrum can
be complex and this is normally corrected by measuring a different emitting peak.
In certain cases a correction must be made, e. g. the Kα of the sodium is the only
line used to measure it and it overlaps with the Lβ line of the element zinc. In this
case the element zinc must be measured first and then proceed with the correction
of the sodium [57].
3.6.7 Equipment used and experimental conditions
A portable EDXRF spectrometer consisting of an Eclipse IV Oxford
Instruments X-ray tube (45 kV, 50µA, 2.25W max) with a Rh anode was used.
The radiation collimated by a Ta collimator allowing a 5 mm diameter beam on
the sample, placed at 46.5mm distance from the tube. The detector was an
Amptek XR-100SDD with a 25mm2 detection area collimated down to 17.12mm2
and 500nm thick fully depleted, and with a 12.5µm Be window [73]. The energy
resolution of 300s was used . This spectrometer belongs to Laboratório de
Instrumentação, Engenharia Biomédica e Física de Radiação (LIB Phys - UNL),
Universidade Nova de Lisboa. Photos of that spectrometer are shown in figure
3.16.
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(a)
(b)
Figure 3.16: Photographs of the X-ray fluorescence assemble in University of Lisbon.
(3.16a) Spectrometer and sample holder. (3.16b) Computer aquisition module.
For the measurements in Coimbra a system SEA6000VX, belonging to
TAIL-UC Platform installed in the Physics Department of University of
Coimbra, was used. This system uses a W tube with a Si semiconductor detector.
The first qualitative measurement was made during 180 seconds (15 kV, 60 µA,
tube voltage and current) with a collimator allowing a 3.0X3.0mm2 area. This
measurement was made in a Helium environment and with no filter. A second
measurement, also qualitative, (50kV, 925µA) used a Pb filter with the same
measurement’s area and time.
For the bulk analysis the results (50kV, 1000 µA) were obtained during 300s
with a collimated area of 0.5X0.5mm2. In the measurement a Pb filter was used
but no helium purge was used.
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3.7 Intrumental neutron activation analysis
Neutron activation analysis (NAA) is a non-destructive technique which uses
nuclear interaction to make accurate and precise measurents in various types of
samples. As its focus is on the atomic nucleus of the elements present in the
sample, the chemical form of such sample is disregarded. This technique uses
neutrons, from a neutron source, to bombard the sample. When this
bombardment occurs the elements become radioactive isotopes. For a given
element the radioactive emissions and decay paths are very well defined.
Analysing the spectra obtained from the decay of the radioactive isotopes of the
sample, gives us information about the concentration of the elements present in
such sample. Neutron activation analysis can identify simultaneously 25 to 30
chemical elements with its concentration in the range µg.kg−1 − g.kg−1. To
determine the concentration, gamma ray spectroscopy is used [74][75].
This technique can be used in samples of various states (solids, liquids,
suspensions, etc.) and is particularly useful for measurements in the sub-ppm
range. However, it has some limitations. A neutron source is needed to make
this type of analysis and the availability is declining as the activation nuclear
reactors are becoming less available. Even though this is a non-destructive
technique, the sample becomes and can remain radioactive for many years [76].
3.7.1 Method
Figure 3.17 illustrates the events that take place in the most common type of
neutron activation reaction, i.e. neutron capture. The incident neutron collides
with the target sample and a compound nucleus is obtained in an excited state.
This excited nucleus will return to a more stable configuration by emission of
characteristic γ-rays almost instantly. For many cases a radioactive state is
obtained, which decays at a slower rate according to the half-life of that specific
element ranging from seconds to years.
Incident neutron
Nucleus
Gamma-ray
Coumpond nucleus
Radiactive nucleus
Delayed gamma-ray
Beta particle
Product nucleus
Figure 3.17: Process for neutron capture and gamma-ray emission in neutron activation
analysis.
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In the decay the isotopes emit γ radiation with an identifiable characteristic
energy. Each radionuclide has a specific constant of decay (λ). The decay process
is ruled by the following equation:
dN
dt
= −λNt <=> N = N0.e−λt
if
N =
N0
2
; t = T1
2
then
T1
2
=
ln(2)
λ
• N is the number of unstable nucleus in the sample at the end of t.
• N(t) is the number of unstable nucleus in the instant t.
• N0 is the number of unstable nucleus in the instant t = 0.
• T1
2
is the time taken for the activity of a given amount of a radioactive
substance to decay to half of its initial value also called half-life.
With the value T1
2
the elements present in a given sample can be evaluated.
To measure the concentration of the different elements, the sample and a
standard are both irradiated. As the standard γ-ray decay is well-known, the
γ-ray decay of the sample can be measured. If the sample and standard decay
are measured in the same detector the result must be corrected, normally using
the half-life of the measured isotope. To calculate the element mass of an
unknown sample the following equation is used:
Asam
Astd
=
msam(e
−λTD)
sam
mstd(e
−λTD)
std
Where A is the activity of the sample (sam) and the standard (std), m is the mass
of the element, λ the isotope’s decay constant and TD is the decay time. For short
irradiations, the decay and counting times are fixed for all samples, so in for this
type of irradiation, the time dependent factors cancel:
csam = cstd
Wstd
Wsam
Asam
Astd
being c the concentration of the element in sample and standard and W the
weight of sample and standard [77].
There are many reactors, in the world, being used for research and training,
which are basically neutron factories. The term research reactors refers to
reactors that are not used in energy generation. A common design for this type
of reactors are the pool type reactor which consists in fuel elements in a large pool
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of water. The empty fuel elements’ channels are used to conduct experiments.
The water is used as a moderator and also as a cooling element.
The kinetic energy of the neutrons used in the experiment is a major
experimental parameter in this type of analysis. In NAA the most common type
of neutrons used are the thermal neutrons. In figure 3.18 a typical spectrum of
the different neutron energies from nuclear fission is shown. Table 3.1 shows the
different type of analysis dependending on the neutron kinetic energy [[76],[77]]:
Figure 3.18: A typical neutron energy spectrum from a nuclear fission reactor. Image
taken from [77].
Table 3.1: Different types of Neutrons used in Neutron Activation Analysis
Type of neutrons Energy Type of analysis
Fast > 1 MeV FNAA (fast neutron activation analysis)
Epithermal 1 MeV - 1 eV ENAA (Epithermal neutron activation analysis)
Thermal < 1 eV NAA (Neutron activation analysis)
3.7.2 Advantages and disadvantages
The main advantage of using this technique is its high precision and
effectiveness to accurately identify several elements whose presence is of a few
ppm. Also the technique is non-destructive so the same sample can be analysed
several times. However the technicians must have a very high degree of
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specialization. Also the facilities required are unique which increases the cost
and diminishes the possibility of finding a suitable location [76].
The classical technique of NAA is now called Instrumental Neutron
Activation Analysis (INAA) to be distinguished from Prompted Gamma
Neutron Activation Analysis (PGAA). In this technique the sample is
continuously irradiated by a beam of neutrons. The constituent elements of the
sample absorb some of these neutrons (in a few seconds) and emit prompt γ
rays which are measured with a γ ray spectrometer. The sample usually does
not acquire significant long-life radioactivity.
3.7.3 Equipment used and experimental conditions
This analysis was performed in the Portuguese Reactor for Research (PRR),
which is part of the facilities of Instituto Tecnológico e Nuclear de Sacavém. Using
this reactor as a neutron source we were able to obtain quantitative results for the
following elements: Fe, Co, Na, K, Cr, Mn, Zn, Ga, Ge, As, W, Ir, Au.
Standards
Standards were synthethized using Iridium and Gold standard solutions as
well as international standards GSD-9 and GSS-1 from the “Institute of
Geophysical and Geochemical Prospecting” (IGGE). The standards were used in
powder form.
Sample preparation
Some fragments of a piece of meteorite were collected using a plyers, then
washed, drained and finally placed in a cellulose case. This case was placed
inside a polyethilene box appropriated for this technique. The standards were
also placed in similar boxes. These boxes and the flux monitor of an alloy 0,1%
Au-Al were deposited in containers appropriate to irradiation. It was not
possible to reduce the sample completely to powder, and, as the standards were
in powder form, the same geometry in gamma spectrometry was not possible to
obtain. It was then necessary to make corrections to the values obtained.
Irradiation
Two irradiations were made in PRR. The first for one minute and another for
twenty minutes with the following conditions:
• Φthe - 3, 96× 1012 n.cm−2s−1
• ΦepiΦthe = 0, 01%
• ΦtheΦ f ast = 29, 8
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• Reactor operating power - 1MW
with,
Φepi - Epithermal neutron median flow,
Φ f ast - Fast neutron median flow.
Φthe - Thermal neutron median flow
Observation
The results were obtained with the γ-ray spectometers shown in figure 3.19b.
These spectometers are an assembly composed of a 150cm2 coaxial germanium
detector, a low energy photon detector, amplifiers (Camberra 2020) and a
multichannel analyser Accuspec B (Camberra). This assembly had a 1, 9 KeV to
1, 33 Mev FWHM (coaxial Germanium detector) and 300 eV to 5, 9 KeV; 550 eV to
122 KeV FWHM (low energy photon detectors). The spectra were analysed
using the appropriate software [[78],[79],[80]].
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(a)
(b)
Figure 3.19: Irradiation case and spectometers used in the NAA in ITN-UL: (3.19a)
Irradiation case for the polyethilene boxes with standard samples and flux monitors.
(3.19b) Assembly for γ spectometry.
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Chapter 4
Results and discussion
In this section we present the results obtained by optical microscopy,
scanning electron microscopy and electron probe microanalysis, X-ray
diffraction, Mössbauer spectroscopy, X-ray fluorescence and neutron activation
analysis. Also the discussion of the results obtained will be performed.
4.1 Macrography and Optical Microscopy
Before the cut, the sample presented a black and irregular exterior as shown in
figure 4.1. Not much oxidation was visible, so according to chemical weathering
classification (see section 2.3.2), a W0 or W1 label can be assigned.
Figure 4.1: Photo of the studied meteorite before cut, showing its length.
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Its length was of about 3,79 cm and its mass was 25,58 grams. The sample was
first cut in three different sections, with a precision diamond saw, obtaining four
pieces as shown in figures 4.2 and 4.3.
Figure 4.2: Photo of the studied meteorite cut into four pieces with a diamond saw.
Figure 4.3: Another view of the studied meteorite cut into four pieces.
The interior of the meteorite presented a continuous metallic color with no
evidence of a Widmanstätten pattern at naked eye.
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One of the pieces was mounted in resin and polished. This piece was then
etched for some seconds with a NITAL 4% solution, so that the inclusions could
be evidenciated. The photos were taken using different magnifications and from
several areas of the inside surface of the meteorite. The photos taken are shown
in figures 4.4, 4.5 and 4.6.
(a)
(b)
Figure 4.4: Photos of the piece mounted in resin, polished and etched, taken with
different magnifications: schreibersite inclusions in the main kamacite matrix, along with
some evidence of 1µm thick Neumann lines (lighter lines in the matrix).
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(a)
(b)
Figure 4.5: Photos taken with different magnification on different areas of the sample:
(4.5a) 1µm thick Neumann lines are evident in this photo along with schreibersite
inclusions. (4.5b) This photo shows schreibersite along a fracture.
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Figure 4.6: Photo showing schreibersite inclusions.
The meteorite presented a continuous matrix in which various inclusions
were found identified as schreibersite. Also evident in the matrix, particularly in
figure 4.5a, are straight lines of a lighter color which were identified as Neumann
lines. Figure 4.5b clearly shows inclusions along a fracture. In fig. 4.6
schreibersite inclusion with different sizes and geometries are shown. These
results also show no evidence of a Widmanstätten pattern which is already an
indication for the meteorite classification.
Another piece of the meteorite was not mounted in resin, and was manually
polished. This piece was also etched with a NITAL 4% solution for some seconds.
The results for the observation of this piece are shown in figures 4.7 and 4.8.
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(a)
(b)
Figure 4.7: Photos from the manually polished piece. (4.7a) Photo taken showing
different inclusions in the main matrix. (4.7b) Enlargment of figure 4.7a. In this photo
we can see a fracture on the large inclusion.
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Figure 4.8: Photo of an inclusion surrounded by oxidated material. Fractures in this
inclusion can be seen.
Figure 4.7 shows a large schreibersite inclusion. This inclusion presents a
fracture possibly formed by its stress history and in figure 4.7b an enlargement
of fig.4.7a is shown. In figure 4.8 we see an inclusion inside the main matrix.
This inclusion is surrounded by oxidated material and is broken at places which
coincide with its tension lines.
With these results there is no evidence of a Widmanstätten pattern. The lack of
this pattern in the meteorite is an evidence for its classification as an hexahedrite
(H).
4.2 Microprobe analysis and Scanning Electron
Microscopy
4.2.1 Microprobe analysis
Using another piece of the meteorite, microprobe analysis was done in
Johannes Gutenberg-Universität Mainz, Germany. Figure 4.9 presents a series of
images taken on the same spot of this piece of the meteorite: a micrograph (4.9a)
and the associated X-ray maps for different elements (Fe, Ni and P). In table 4.1
the concentration of the elements are given.
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(a) (b)
(c) (d)
Figure 4.9: Micrograph (4.9a) and X-ray maps of Fe (4.9b), Ni (4.9c) and P (4.9d) are
shown.
Table 4.1: Elemental concentrations of the matrix and inclusions determined by
microprobe analysis.
Iron (Fe) Nickel (Ni) Phosphorous (P) Other elements traced
wt% wt% wt%
Kamacite (matrix) 93.8 ± 0.4 5.11 ± 0.02 0.09 ± 0.007 Na, K, Cr
Schreibersite/Rhadbite 52.5 ± 0.8 34.6 ± 0.5 11.93 ± 0.08 Na, K, Al, Mg
With the microprobe results some assumptions can be made about the
classification of this meteorite. The existence of a main matrix (kamacite) with
the low nickel content are evidence for an hexahedrite (H) classification. The
inclusions also show the presence of phosphorous consistent with the
composition of schreibersite ((Fe, Ni)3P).
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4.2.2 Scanning Electron Microscopy
SEM was done in University of Coimbra and CEMUP in Porto. Figures 4.10,
4.11, 4.12, 4.13 and 4.14 show micrographs taken with SEM microscope in
Coimbra. For this analysis a piece of the meteorite was manually polished and
etched with a NITAL 4% solution as for the observations using optical
microscope.
(a)
(b)
Figure 4.10: SEM micrographs taken in Coimbra: (4.10a), (4.10b) Schreibersite inclusions
in the matrix are observed.
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(a)
(b)
Figure 4.11: SEM micrographs showing Neumann lines. Figure 4.11b is a magnification of
figure 4.11a.
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(a)
(b)
Figure 4.12: SEM micrographs obtained in University of Coimbra: (4.12a). Schreibersite
inclusions. (4.12b) Schreibersite inclusions.
61
(a)
(b)
Figure 4.13: SEM micrographs of other areas of the meteorite showing different types of
inclusion geometries.
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(a)
200μm
(b)
Figure 4.14: SEM micrographs taken at University of Coimbra: (4.14a) Micrograph
showing more inclusions and Neumann lines (4.14b) Border of the meteorite along with
some estimation of the border length.
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The micrographs show inclusions in the matrix with different shapes,
consisting of schreibersite disposed in different orientations. Some corrosion is
observed at the borders of inclusions, as seen in figures 4.11a, 4.12b and 4.13b.
Fig. 4.11b shows Neumann lines with different thickness. Figure 4.14b shows
the oxidised surface layer of the meteorite. Its thickness varies, being 140 µm the
maximum observed .
CEMUP equipment was used to study a different piece of the meteorite. This
piece was manually polished and etched and the micrographs taken are shown
in fig. 4.15, 4.16 and 4.17.
(a)
Figure 4.15: Micrograph taken in CEMUP SEM showing Neumann lines in the main
matrix.
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(a)
(b)
Figure 4.16: SEM micrographs taken at CEMUP equipment with evidence of fractures
inside the inclusions.
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(a)
(b)
Figure 4.17: SEM micrographs taken with CEMUP equipment: (4.17a) A fractured
inclusion. (4.17b) Crack along the inclusion near the border with some oxidation.
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The micrographs of Fig. 4.16 and 4.17 show inclusions in the matrix. Fig
4.16a shows that the size of schreibersite inclusions is very broad (∼ 1 µm- ∼ 10
µm). Figure 4.17b shows an inclusion near the border along a crack where
oxidation from the outside exists. X-ray maps shown in Fig. 4.20, are evidence
that the metal inside the crack is an inclusion, because the composition is
different from the matrix.
The crack initiated at the surface and propagated along the inclusion,
choosing an easier path. It was then followed by oxidation.
The micrographs presented in Figures 4.16 and 4.17 show deformation
structures in the matrix, that result from impacts and shock waves the meteorite
had suffered.
The SEM equipment of CEMUP has the capability to perform the mapping of
elements by energy dispersive X-ray spectroscopy (EDS). It was then used to
analyse three different areas of the sample. Several elements were analysed
although only the relevant ones are shown: phosphorous, nickel and iron.
Yellow, green and red were the assigned colors to each of these elements
respectively (Figures 4.18, 4.19 and 4.20). The more highlighted the color, the
higher the quantity of the corresponding element.
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(a)
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(b)
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(c)
10 µm
(d)
Figure 4.18: SEM photograph and X-ray maps. Figure (4.18a) shows the micrograph of
the area selected for mapping. X-ray maps show the distribution of Fe, Ni and P in red,
green and yellow respectively: (4.18b) distribution of iron, (4.18c) distribution of nickel,
(4.18d) distribution of phosphorous.
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10 µm
(a)
10 µm
(b)
10 µm
(c)
10 µm
(d)
Figure 4.19: SEM photograph and X-ray maps. Figure (4.19a) shows the micrograph of
the area selected for mapping. X-ray maps show the distribution of Fe, Ni and P in red,
green and yellow respectively: (4.19b) distribution of iron, (4.19c) distribution of nickel,
(4.19d) distribution of phosphorous.
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100 µm
(a)
100 µm
(b)
100 µm
(c)
100 µm
(d)
Figure 4.20: SEM photograph and X-ray maps. Figure (4.20a) shows the micrograph of
the area selected for mapping. X-ray maps show the distribution of Fe, Ni and P in red,
green and yellow respectively: (4.20b) distribution of iron, (4.20c) distribution of nickel,
(4.20d) distribution of phosphorous.
The X-ray maps of figures 4.18, 4.19 and 4.20 show that the matrix is
composed by Fe and Ni, being the most part Fe, and the inclusions are
composed by P, Ni, and Fe. This is in accordance with the results obtained by
microprobe analysis (section 4.2.1).
Optical photographs and micrographs from SEM show no evidence of a
Widmanstätten pattern. As seen in section 2.4.1, the presence of that kind of
pattern along with the nickel content is the basis for the first classification.
Results show that neither a microscopic, nor a macroscopic Widmanstätten
pattern is present. Instead Neumann lines are observed. This is consistent with an
hexahedrite (H), together with the existence of a kamacite matrix. These results
point to the matrix being composed of kamacite (Fe-Ni, with low nickel content)
and the inclusions being schreibersite ((Fe, Ni)3P)
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4.3 X-Ray diffraction
X-ray diffraction was done using two different pieces of the cut meteorite.
After manual polishing the cut surfaces, diffractograms were taken. Figure 4.21
shows X-ray patterns obtained in a cut face inside the meteorite on top, and in a
flat exterior zone of the meteorite at the bottom. Kamacite, body-centered cubic
α − FeNi is the only phase seen inside the meteorite. The external surface
besides kamacite also shows the presence of weathering, having been identified
maghemite (γ− Fe2O3), goethite (α− FeO(OH)) and wüstite (FeO).
Figure 4.21: X-ray patterns obtained (top) in a cut face inside the meteorite and (bottom)
in the exterior of the meteorite
The different phases were identified by comparison between the peaks
position in the diffractrogram with standards compiled in the database PDF-2.
PDF-2 is a database compiled by the ICDD (International Center for Diffraction
Data)
As seen in section 2.4.1 octahedrites (O) and ataxites (D) are composed of two
phases. The (α− FeNi) kamacite and the (γ− FeNi) taenite. The existence of a
single phase of kamacite is also an evidence for the classification of this meteorite
as an hexahedrite (H).
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4.4 Mössbauer Spectroscopy
The first Mössbauer analysis was carried out using backscattering technique
with MIMOS (MIniaturized MÖssbauer Spectrometer). This technique does not
need any sample preparation. Figure 4.22 shows the spectrum of the external
part of meteorite facing directly the detectors of spectrometer. The sub-spectra
resulted from the fitting analysis is also shown.
Figure 4.22: MIMOS room temperature spectrum taken at the external surface of the
meteorite, as well as sub-spectrum resulting from fitting procedure.
The spectrum was fitted with two sextets belonging to kamacite and
maghemite and a doublet of Fe3+-ions. Maghemite and other oxides are
weathering products of the meteorite surface. The Mössbauer parameters
obtained in the fitting procedure are shown in table 4.2.
The spectrum of the inside surface is shown in figure 4.23. The only phase
identified is kamacite and parameters obtained in the fitting procedure are shown
in table 4.2.
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Figure 4.23: MIMOS room temperature spectrum of an inside cut face of the meteorite
Table 4.2: Mössbauer parameters obtained in the fitting of the spectra shown in figure
4.22 and 4.23.
δ (Isomer Shift) EQ (Quadrapole Splitting) B (Magnetic Field) Γ (Line Width) Percentage
(mm\s) (mm\s) (T) (mm\s) %
Exterior face
Kamacite 0.003(1) -0.011(1) 33.9(1) 0.55(1) 56.5
Maghemite (γ− Fe2O3) 0.32(1) -0.06(1) 49.5(1) 0.69(1) 22.5
Weathering 0.385(1) 0.715(1) - 0.59(1) 21.0
Cut face (interior)
Kamacite 0.006(1) 0.0 33.8(1) 0.36(1) 100
In gamma ray-backscattering geometry, used in these measurements,
radiation penetration is about 400-500 µm. As seen in micrograph 4.14b, the
oxidized surface can have a thickness of 140 µm. As no sample preparation was
done to carry out the measurements, the window of the detector, with a
diameter of 15 mm, is put directly against the sample. In the case of the
measurement carried out on the surface of the meteorite, the surface
volume/total volume ratio of the probed meteorite is about 30%. Weathering
products are found to be 43,5% on the probed surface so the presence of
kamacite on the surface layer of the meteorite is about 30%.
Mössbauer measurements using transmission geometry were also carried out,
and Figs. 4.24 and 4.25 show the spectra obtained in powder taken from filling
the outside and the interior cut face of the meteorite, respectively.
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Figure 4.24: RT Mössbauer spectra of the external surface of the meteorite, and subspectra
resulted from fit analysis
The spectrum shown in fig. 4.24 was fitted with two sextets belonging to
kamacite and maghemite, and three doublets, two belonging to wüstite, which
has two sites, and another site of Fe3+ ions. The Mössbauer parameters obtained
in the fitting procedure are shown in Table 4.3.
The spectrum of the interior of the meteorite (fig. 4.25) was fitted only with a
sextet, whose parameters are also shown in table 4.3, and correspond to kamacite.
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Figure 4.25: RT Mössbauer spectrum of the internal surface of the meteorite, and sub-
spectrum resulted from analysis
Table 4.3: RT Mössbauer parameters for the fitting to the spectra shown in 4.24 and 4.25.
δ (Isomer Shift) EQ (Quadrapole splitting) B (Magnetic Field) Γ (Line width) Percentage
(mm\s) (mm\s) (T) (mm\s) %
Exterior face
Kamacite 0.002(1) -0.014(1) 33.9(1) 0.55(1) 70.4
Maghemite (γ− Fe2O3) 0.29(1) -0.02(1) 49.7(1) 0.49(1) 11.8
Weathering 0.34(1) 0.83(1) - 0.61(1) 16.8
Wüstite (site 1) 1.00(2) 0.22(2) - 0.30(2) 0.50
Wüstite (site 2) 0.90(2) 0.42(2) - 0.30(2) 0.50
Cut face (interior)
Kamacite 0.007(1) 0.007(1) 34.0(1) 0.37(1) 100
As for X-ray diffraction, Mössbauer spectroscopy shows that the only
existing phase in the sample is kamacite. This evidence points for the
classification of this meteorite as an hexahedrite (H). The spectra obtained with
transmission geometry indicate that wüstite exists as weathering product. This
oxide was not indentified by backscattering geometry. Goethite, which was
identified by X-ray diffraction, was not detected by Mössbauer spectrometry
analysis.
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4.5 X-Ray fluorescence
4.5.1 Qualitative Analysis
The X-Ray fluorescence analysis was done in two different Universities,
University of Coimbra and New University of Lisbon. First the qualitative
results obtained at University of Coimbra are presented. Measurements were
made with tube voltages of 15kV and 50kV since the higher tube voltage
allowed for a better identification of the heavier elements. The spectrum
obtained for the measurement with a tube voltage of 50kV is shown in figure
4.26. This measurement was done using the sample already mounted in resin,
being slightly polished and washed so that some impurities were removed. The
inside cut face was analysed and the area selected for the measurement was
3.0X3.0mm2.
Figure 4.26: Qualitative X-ray fluorescence spectrum taken with 15 kV in an area of
3.0X3.0mm2.
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In the spectrum of figure 4.26 the higher quantity of Fe is already expected.
The counts of the different elements identified in the sample are shown in table
4.4.
Table 4.4: Different elements identified in the X-ray fluorescence analysis with 15 kV
along with the line used in the identification. A represents the number of counts obtained.
Z Element Name Line A (cps)
15 P Phosphorus Kα 123.888
13 Al Aluminum Kα 129.619
14 Si Silicon Kα 165.275
18 Ar Argon Kα 201.281
26 Fe Iron Kα 127558.753
28 Ni Nickel Kα 3428.512
30 Zn Zinc Kα 593.870
Figure 4.27 presents the spectrum obtained for the measurement with a tube
voltage of 50kV. Also, in figure 4.28, a zoomed image of the spectrum is shown,
so that the presence of the other elements besides the overwhelming quantity of
iron is seen. The piece of meteorite and the area selected for the analysis were the
same as for the 15kV analysis. The results for this analysis are shown in table 4.5.
Figure 4.27: XRF spectrum using 50kV showing the different peaks corresponding to
different elements present in the sample.
77
Figure 4.28: Zooming of fig. 4.27 showing some elements not visible in the full spectrum.
Table 4.5: Results obtained by X-ray fluorescence using a tube voltage of 50 kV for the
same area as the analysis with 15kV. A stands for the number of counts obtained.
Z Element Name Line A (cps)
14 Si Silicon Kα 161.119
13 Al Aluminum Kα 180.613
26 Fe Iron Kα 152434.106
28 Ni Nickel Kα 3260.825
32 Ge Germanium Kα 51.684
31 Ga Gallium Kα 35.704
30 Zn Zinc Kα 44.078
4.5.2 Quantitative analysis results obtained by XRF
The polished piece was also used to identify the quantities of the different
elements with Coimbra’s equipment. For this analysis an area of 0.5X0.5mm2 was
selected along with a tube voltage of 50kV. The results for the bulk analysis of the
sample obtained using X-ray fluorescence are shown in table 4.6.
Table 4.6: Results for the bulk analysis of an area of 0.5X0.5mm2 and 50kV tube voltage.
Element Concentration (wt%)
Fe 94.245 ± 0,251
Ni 5.666 ± 0,104
Ge 0.014 ± 0.004
Ga 0.005 ± 0.003
Br 0.069 ± 0.005
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The iron content is, as expected, much higher than the other elements. This
analysis do not distinguish the matrix from the inclusions composition,
however, the values obtained are similar to the ones given by microprobe
analysis on the matrix. As shown in section 2.4.1 the Ni content of an iron
hexahedrite is between 5-6.5wt%. The value here obtained for the Ni content is
consistent with an hexahedrite (H). The germanium and galium are trace
elements which are important for the chemical classification of this meteorite.
Nevertheless this technique is not suitable to obtain results for trace elements, so
the errors in the values of Ge and Ga concentrations are considerable.
X-ray fluorescence bulk results were also obtained at Laboratório de
Instrumentação, Engenharia Biomédica e Física de Radiação (LIB Phys - UNL),
Universidade Nova de Lisboa, for a different piece of the meteorite and using a
portable X-ray fluorescence spectrometer. The measurement was done with a
25mm2 detection area collimated down to 17.12mm2, and the tube voltage was
45kV. The results obtained from this analysis are shown in table 4.7.
Table 4.7: Bulk analysis results for the piece analysed in Lisbon with a portable XRF
spectrometer.
Element Concentration (wt%)
P 0,2530 ± 0,02
S 0,0810 ± 0,02
Ca 0,0341 ± 0,03
Fe 94,1815 ± 0,01
Ni 5,4240 ± 0,01
Ge 0,0263 ± 0,02
Ir 0,0585 ± 0,03
Au 0,0548 ± 0,02
Iron concentration obtained with this analysis is similar to the one obtained
in the analysis done in Coimbra. The difference in the germanium quantity can
be explained by the difficulty for the detection of trace elements with this
technique. With this analysis more trace elements were identified.
No assumption can yet be made for the chemical classification of the
meteorite as more accurate measurements for trace elements’ quantities are
needed to reach a conclusion. However, the Ni content of the sample point,
again, to the classification of this meteorite as an hexahedrite (H).
4.6 Instrumental Neutron Activation Analysis
For this analysis a piece of meteorite was sent to the Portuguese Reactor for
Research (PRR)-ITN in Sacavém. The sample was broken into smaller pieces and
then placed in cases prepared for the analysis. As the sample could not be
reduced to powder form to match the standards some correction had to be made
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to the results. The iron concentration value obtained in the bulk X-ray analysis
in Coimbra was used to correct the results. The corrected results of neutron
activation analysis are summarized in table 4.8 containing the quantities of the
elements which were requested for analysis.
Table 4.8: Neutron activation analysis corrected results showing the different
concentration of trace elements in the sample.
Name Percentage (wt%)
Iron (Fe) 94.24
Cobalt (Co) 0.48
Name Quantity (mg/kg)
Sodium (Na) 60.17
Potassium (K) 4.17
Cromium (Cr) 12.38
Manganesium (Mn) 4.89
Zinc (Zn) 324.77
Gallium (Ga) 79.66
Germanium (Ge) 0.83
Arsenic (As) 10.86
Tungsten (W) 1.35
Iridium (Ir) 0.18
Gold (Au) 1.16
The precision and accuracy, including the experimental error, for all
measurements was < 5%.
The results obtained by neutron activation analysis and X-ray fluorescence
results obtained for nickel, were added to plots of the groups IIAB, IIG iron
meteorites in figure 4.29. Germanium was not represented in the plots because
its value (0,83 mg/kg) is completely outside the plot Ge vs. Au (see section
2.4.2). Also the plot for copper is not shown as the analysis for this element was
not done.
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Figure 4.29: Taxonomic and other elements for IIAB and IIG groups along with results
obtained for our sample (red ball) with errorbars.
These plots suggest that the iron hexahedrite studied belongs to IIAB group.
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Chapter 5
Conclusions and future work
The aim of this work was the study of an iron meteorite fragment, from an
unknown fall, in its composition and structure in order to be able to classify it.
Several experimental techniques were used. Techniques like optical and
scanning electron microscopy were used to observe patterns and structures like
inclusions inside the meteorite. Mössbauer spectroscopy and X-ray diffraction
were the main techniques to identify different phases. Elemental analysis was
done with the help of microprobe and X-ray fluorescence analysis. Neutron
activation analysis was used to quantify trace elements, being this knowledge
crucial for the classification of the iron meteorite.
Optical and scanning electron microscopies revealed Neumann lines and
inclusions in the matrix like schreibersite and rhabdite. No Widmanstätten pattern
was observed.
X-ray diffraction and Mössbauer spectroscopy only revealed kamacite
(α-Fe,Ni), which is the matrix constituent.
Elemental analysis gave the following compositions: 94.2 (5) wt% Fe and 5.7
(2) wt% Ni and for the inclusions 52.5 (3) wt% Fe, 34.6 (5) wt% Ni and 12.0 (1)
wt% P. The elemental composition of the matrix is the one of kamacite (Fe, Ni),
and the elemental composition of the inclusions is consistent with rhadbite and
schreibersite ((Fe, Ni)3P)
The results obtained with the above mentioned techniques indicate that the
studied iron meteorite is an hexahedrite (H). In order to adress a complete
classification to the meteorite, neutron activation analysis was done, but the
results obtained were not completely satisfatory because the experimental
conditions used in the analysis were not adequate for iron meteorites. The
results we got so far point to a IIAB hexahedrite (H), but a IIG can’t be excluded.
It is envisaged to repeat Neutron Activation Analysis in this iron meteorite,
using more convenient standards and experimental conditions.
The iron meteorite studied in this thesis was a very good case to thte
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employment of several experimental techniques. The final aim of the work, the
complete chemical characterization and composition with known and
catalogued meteorites in order to know the fall local and its probable origin, was
not done. Neutron activation analysis is needed to be able to finish this task.
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